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ABSTRACT

Recent theoretical work has shown that mechanical Jetection of
magnetic resonance from a single nuclear spin is in principle possible. This
theory has recently been experimentally validated by the mechanica! detection
of electron spin resonance signals using microscale cantilevers. Currently we
are extending this ltechnology in an attempt to detect nuclear signals which are
three orders of magnitude lower in intensity than eloctron signals. In ordor to
1chieve the needed thousand-fold improvement in sensitivity we have
undortaken tha dovelopmeaent of optimized mechanical cantilevers and highly
polarizod samples.

Finite clemont modolng is used as a tool to simulate cantilevor beam
dynamics and to optirnize the mochanical properties including Q. roesonant
requency, amphtude of vibration and spring constant. Simulations aro
compatred to experimoents using holeredyne hologram intorferometry.
Nanofabrication of optimized cantilovers via ion milling will be diracted by the
otllcomae of these simulations and experniments,

Highly polanzed samples o developad using a three-told approach:
1) ligh magnetic field strength (2.51), 2) low tormporature (1K), and 3) uso of
samples polanzed by dynamic nuclear polinization. Our rocent experimonts
hive domonstiated nuclear polivizations in excoss of H0% i moloculoes of
loluene,
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1. INTRODUCTION

Magnetic resonance force microscopy (MRFM) is the use of mechanically
detected magnetic resonance (MR) signals to image small objects with high
resolution and to simultaneously identify the chemical species. Until recently,
MR signals have only been detected by electrical means which have a

sensitivity limit of approximately 1012 nucleons. Recent work by Sidles et al
has shown that the theoretical limit for mechanical detection is a single

nucleon-4. Rugar et al have experimentally validated this theory by the
mechanical detection of electron spin resonance (ESR) signals using

microscale cantileversS.6,

Currently, we are extending this technology in an attempt to detect
nuclear signals which are three orders of magnitude lower in intensity than
electron signals. A subsequent goal is to determine the ultimate experimental
sensitivity of the technology with the goal of detecting a single nuclear spin.
The main focus of our investigations to date has been to improve the sensitivity,
using both simulation and experiment to design and develop optimized
mechanical cantilevers and highly polarized samples.

2. BACKGROUND

A schematic diagram of the NMR force microscope probehead is shown
in Fig. 1. The probehead is an evicuated chamber and consists of a
mechanical cantilever, similar to those i1sed in atomic force microscopy, to
which the sample is mounted. The parameters of typical commercial cantilevors
include a Q of 2000 and a resonant frequency of 8 KHz. A sinall magnetic
sphere provides the magnetic field gradient which is responsible for the high
resolution of the microscope. An rf coil allows for excitation of the sample while
a By modulation coil provides the capability to slowly sweep the main magnetic
field. When the sample is al a critical distance with respect to the field
generated by the magnetic sphorc, the cantilevor will oscillate at its rosonant
frequoncy. The cantilever vibrations can be detoctod by the fiber optic
interforometor which has a sonsitivity on tho ordar of 0.1 Angstroms?.
Positioning of the components is accomplished with various PZT translation
devicos. This probohoad is dosigned 1o be insorted into a He3-He4 dilution
1efrigerator which can maintain i tomporature of 10mK. The dilution rofrigorator
apparatus is containod within a 2.5T superconducting vortical boro magnot. A
microwave wavao auide is attached to the probohoad to allow for dynamic
nucleir polanzation8 (DNP) of the sample. At 2.5T. 70 GHz microwivos o
usad o irtdiate the sample for the DNP procedure.
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Fig. 1 NMR force microscope probchead.

The sensitivity of the NMR force microscope is determined by Eq. 1
. 12
Hmin - (2 k kn rw/Q (ll:) /1vBI (1)

where jigyn is the rminimum magnetic momaont detoctable in a sample, k is tho
spring constant. kp is Boltzman's con::tant, T is tomperature, Av is the detection
bandwidth, Q is the quality tactor, uy; i. the rosonance froquency of tho

cantilevor aind VB is tho magnetic field gradiont. In ordor to improve the
sansitivity of the NMR force mictosicope, cach ol the parametors in Eq. 1 should
be optimizad.

Table 1 shows tho patamaoetons for L. 1 at thoir curront status with
prosent day lechnology and also whoere they nood to be in the future to achiovo
singla nucloon sonsitivity.  Plugging in the cunent status parametors into Eq 1
yiolds a minimum magnetic moment sonsitivity of 1.5X10-17 /T, Sinco a single
proton magnotic momoent is 1.4X10 @0 171, an improvomont ot groator than 10
ordors of magmitude in sensitivity s necded, Plugging in the patamotors in tho
goil colunmn givas a sensiivity of 22510 28 /T, moto than anough to sea i
single proton  Tho piaameters in the qgoal colunmm ware citolully choson such
that thay should bo achievibla with coanetul design and fabrication using
currontly awvailahle matenals and tochnology.
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Table 1 Technical Challenges to Achieve Single Proton Sensitivity.

Current Sensitivity
Parameter Status Goal Increase
Cantilever 200 pm 5 um
Length
3X10'
Cantilever 8 KHz 7.2 MHz
Frequency
Cantilever Q 2000 2x108 3.1X10'
Cantilever
Spring 0.1 N/m 0.01 N/m a1
Constant (k)
Magnetic
Field 60 T/m 8x107 T/m
Gradient
1.3x10°
Magnetic
Spherc 1mm 300 A
Diameotor
Tomporature 300 K 1K 1.7X10'

3. EXPERIMENTAL APPROACH

As discussed above, wo are extending cunent MIIFM technology in an
attampt to detect nucl signals and also to explono the ultimato achiovablo
sensitivity of tho tochnology.  This work is procooding in two areas: 1) tho
sinuktion and design of canblovers and 2) tho dovelopment of poliized
samplos. Optimal mechanical cantilovers provide i more sonsitive detoction
schomao, while lughly polinized samplos give an mcroasod signal intonsily.
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To date, commercially available cantilevers designed for use in scanning
tunneling (STM) and atomic force microscopy (AFM) have been used in MRFM
instruments. However, the properties of these cantilevers are not optimized for
MRFM experiments. Our approach has been to use finite element modeling
(FEM) as a tool to simulate cantilever beam dynamics and to optimize the
mechanical properties including Q, resonant frequency, amplitude of vibration
and spring constant. Simulations are then compared to experiments using
heterodyne hologram interferorietry (HHI).

Previous, MRFM experiinents have been performed at room temperature
and at low magnetic field strer.gths resulting in polarizations on the order of
10-6. The nuclear polarizaticn in a nuclear magnetic resonance (NMR)
experiment is described by Eq. 2,

(nT-nl)/n yYhBg/2kgT (2)

where (nT - nl)/ n is the nuclear polarization, y is the gyromacetic ratio, /i is

Plank’s constant, Bg is the magnetic field strenqgth , kg is Boltzman's constant
and T is the temperature. Our focus hias b2en to improve the achievab!:.
nuclear polarizations using a three-fold approach: 1) increased magnetic field
strength (2.5T), 2) decreased temperature (1K), and 3) use of samples polarized
by dynamic nuclear polarization8.

4. RESULTS

An cxample of FEM and HHI of a cantilever beam is shown in Fig. 2. This
cantilover beam is in second torsion mode at approximately 5.2KHz. Note the
axcellent agreement between the beam dynamics predicted by simulation and
those found experimentally. Nanofabrication of optimized cantilevers will
ultimately be directed by the outcoma of these simulations and experiments.

A padicularly promising cantilever design which we arg currontly
nvastigating in detail s diagrammead in Fig. 3. Single crystal quarts will be
usad as a matorial bocausa it is well characternizod and can have Q values in
oxcess of 108 The small size of the beam combined with its aspect ratio and
the reduced mass duo to the holes should provide a tigh rasonant froquency.
Tho sphare and samplo are mtarchanged from those shown in Fig. 1 for oaso of
oparation.

An axample of proton NMIR detection of a samplo of tolueno pokivizod by
DNP s shown in ig. 4 The net polanzation achieved i this caso wis H6 5%,
The dashod ine represents the polanzation observed without tho DNP?
procodure, which ander those conditions (251 and 1K) is 0.25%..
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Fig. 2 Caniilever beam in second torsion mode. (A and B) Finite clement
modeling of cantilever beam dytinmcs; side and top views qate shown,
respectively. (C) Hetorocyne hologrun intedferometry of cantilover boam
resonating at H 2KHz.

6
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Fig. 3 Proposed cantilever beam design for increased sensitivity.
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5. DISCUSSION

The large improvement in nuclear polarization achieved by the DNP
procedure shculd dramatically increase the signal-to-noise of the NMR force
microscopy experiment. Using this added signal intensity, a straightforward

calculation of the sensitivity of this experiment based on previous work® shows
that we should be able to design an experimental device capable of detecting

on the order of 109 nuclzar spins. Further improvements in sensitivity should
be achieved by the design and fabrication of more sensitive cantilevers with
large Q and higher resonant frequencies based on the outcome of simulation
and experiment.

Overcoming the tachnical challenges facing the development of a single
molecule NMR force microscope will require considerable effort. However the
potential advantages of such a tool over present day technology such as
scanning tunneling and atomic force microscopy, justify this effort, namely:

* The imaging is noncontact and nondestructive.
» The imaging field is three dimensional and reaches below the
scanned surface.
* NMR is the only method which gives direct chemical information
about the sample.
The successful development of an NMR force microscope would make direct
molecular imaging a reality and would provide a valuable tool for diagnostic
and structural studies in materials science, microelectronics, molecular biology
and pharmaceutical development.
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